We developed a colorimetric assay to quantify clavulanic acid (CA) in culture broth of Streptomyces clavuligerus, to facilitate screening of a large number of S. clavuligerus mutants. The assay is based on a -lactamase-catalyzed reaction, in which the yellow substrate nitrocefin ( max =390 nm) is converted to a red product ( max =486 nm). Since CA can irreversibly inhibit -lactamase activity, the level of CA in a sample can be measured as a function of the A 390 /A 486 ratio in the assay mixture. The sensitivity and detection window of the assay were determined to be 50 g L 1 and 50 g L 1 to 10 mg L
The fermentation titer of a metabolite is a key factor for its successful production. A convenient assay is required to evaluate the levels of a metabolite or product produced by various mutants, so that high-producing strain(s) can be rapidly identified. Clavulanic acid (CA) is a -lactam antibiotic produced by Streptomyces clavuligerus. It is clinically used as a wide-spectrum irreversible -lactamase inhibitor to treat various types of infections [1] . We recently reported a double-reporter guided mutant selection (dRGMS) method to generate CA over-producing mutants of S. clavuligerus [2] . To screen CA titers in the mutant pool, a convenient quantitative assay for CA is required. Previously, an HPLC method was developed as the gold standard for quantitative measurement of CA, for which CA must be imidazole-derivatized [3] . A bioassay-HPLC method based on -lactamase-catalyzed hydrolysis of penicillin G was also developed to measure the levels of CA in culture broth of S. clavuligerus [4, 5] . In that method, residual penicillin G is detected by a bioassay or by HPLC. Both methods are difficult to automate. Another improved -lactamase inhibition-based method for CA detection [6] involved the use of a chromogenic substrate to replace the colorless penicillin G. That method has been developed for applications using clinical samples [7] [8] [9] [10] .
Here, we report a similar colorimetric, -lactamase inhibition-based assay specifically developed to detect CA in S. clavuligerus culture broth. In the assay, the chromogenic substrate nitrocefin (yellow  max =390 nm) is hydrolyzed to form a red product ( max =486 nm) by -lactamase. The absorption of both substrate (A 390 ) and product (A 486 ) is measured, and the A 390 /A 486 ratio is used to calculate the CA concentration. These improvements greatly increase the CA detection window, compared with those of previously reported assays. The assay can be readily adapted for use in a microplate format to screen a large number of samples.
Materials and methods

Bacterial strains and plasmids
We used the wild-type strain S. clavuligerus NRRL 3585 and a strain transformed with the reporter vector pDRccaR, designated as S. clavuligerus pDRccaR [2] . M1 to M65 were 65 dRGMS mutants of S. clavuligerus pDRccaR selected for strong expression of the reporter. In the reporter construct, the over-expression target was ccaR, the pathway-specific transcriptional activator gene in CA biosynthesis [11] .
Culture conditions and selection of S. clavuligerus mutants by dRGMS
The culture conditions and the dRGMS protocol were the same as those reported previously [2] , but the dRGMS mutants used in this study were selected independently.
Crude -lactamase extract prepared for nitrocefin assay
The source of the class A -lactamase was a strain of Escherichia coli BL21(DE3) carrying the plasmid pET-23b(+) which contains a gene encoding -lactamase. To prepare crude -lactamase extract, the E. coli strain was cultured to A 600 =1.0 in LB medium containing 50 mg L 1 ampicillin and then centrifuged to recover the cell pellet. The pellet was washed once with sodium phosphate buffer (100 mmol L 1 , pH 7.0) and re-suspended in an equal volume of the same buffer. The cell suspension was sonicated on ice (4×15 s at 30-s intervals) and centrifuged to obtain the cell-free extract, which was used as the crude enzyme for the nitrocefin assay. The assay was performed in a 96-well plate (Costar). The specific activity of the enzyme extract was determined in a 100 L reaction mixture consisting of 100 mmol L 1 Na-phosphate buffer (pH 7.0) containing 8 L crude -lactamase extract and 4 nmol nitrocefin. The mixture was incubated at 30°C. The amount of enzyme that hydrolyzes 1 nmol nitrocefin in the first minute was defined as one unit of activity. The specific activity of the enzyme extract prepared in this study was 82 U mL 1 (see Appendix in the electronic version for details).
Microplate assay for determination of CA concentration
Nitrocefin (98% purity) was dissolved in dimethylsulfoxide to a final concentration of 0.4 mmol L 1 . The reactions were carried out in a 96-well plate. In each test well, 8 L crude -lactamase extract and 10 L of a CA standard (Sigma-Aldrich) or a CA sample were mixed, and sodium phosphate buffer (100 mmol L 1 , pH 7.0) was added to a final volume of 90 L. We used 10 L sodium phosphate buffer as the blank. The mixture was incubated at 30°C for 20 min before addition of 10 L nitrocefin solution. The mixture was mixed well and then incubated at 30°C for 1 h. The microplate was read at 390 and 486 nm to acquire A 390 /A 486 ratios.
Determination of CA concentration by HPLC
The samples were analyzed by HPLC (Shimadzu LC-20AT) after derivatization by imidazole [3] . Briefly, the imidazole-derived CA-containing samples were loaded onto a reverse-phase column (Dikma Diamonsil-C18, 5 m, 250 mm×4.6 mm) and detected at 317 nm. The mobile phase was an isocratic buffer system consisting of NaH 2 PO 4 (0.1 mol L 1 , pH 3.68, adjusted with acetic acid) plus 6% methanol, and the flow rate was 1.0 mL min 1 . Under these conditions, the retention time for the CA derivative was 15 min.
Nitrocefin disk assay for in situ detection of CA production in colonies on agar plates
Strains were inoculated onto soybean agar plates and cultivated at 28°C for 3 d before detection of CA. A 10-L aliquot of -lactamase solution was added to the center of a three-layer filter paper disc. The disk was air-dried, placed close to (but not touching) each tested colony, and incubated at 30°C for 30 min to allow CA in the agar to diffuse into the paper disk and inactivate the enzyme. Then, 10 μL nitrocefin (0.4 mmol L 1 ) was added to the paper disk and the plate was incubated at 30°C for another 20 min. Colors of the disks were visually observed.
Results
CA standard curve for microplate assay
Aqueous solutions of CA show very low ultraviolet absorption at wavelengths above 230 nm [12] . Therefore, the CA itself would not interfere with absorption measurements at 390 nm (nitrocefin) or 486 nm (hydrolyzed product). To establish the -lactamase inhibition assay, CA standards of different concentrations were prepared and incubated with -lactamase and nitrocefin. PBS buffer with no CA was used as the control. The sensitivity of the assay was determined by Student's t-test (Table 1) . When a single wavelength was used to measure CA concentration, the lower detection limit was 0. 
CA over-producing mutant screening by the microplate assay
We selected 65 dRGMS mutants by the standard dRGMS method [2] and their CA titers were determined by the nitrocefin assay and compared with that of the starting strain. To ensure that CA concentrations in most samples were within the detection window, cultures of all strains were diluted with 30-volumes of buffer. Because the CA titer of the starting strain peaks on the third day of culture (Figure 2A ), For each strain, cultures were evaluated in triplicate. B, CA titers of 65 mutants. SS, starting strain. Basic protocol was the same as that used for detection of CA standards except that cultures of all strains were diluted with 30-volumes Na-phosphate buffer before the assay. To increase the screening efficiency for initial screening to identify candidates, only one culture of each mutant was assayed (starting strain was evaluated using triplicate cultures).
the cultures of all mutants were collected at this time. As shown in Figure 2B , CA titers of most mutants were higher than that of the starting strain, similar to the previous report [2] . Three high-producing mutants, M18, M21, and M65, were identified as candidates and subjected to time-course investigation. Before further evaluation of the mutants, we investigated whether other metabolites besides CA in the fermentation broth might interfere with the assay. Culture broths of the starting strain, the three high-producing mutants, and 10 randomly selected mutants were measured by HPLC. As shown in Figure 3 , although it was not perfectly correlated (R 2 =0.948), there was a strong linear fit between the two Figure 3 Correlation between CA concentrations determined by microplate assay (C nitrocefin ) and HPLC (C HPLC ). R 2 , correlation coefficient. M18, M21, and M65, three CA-overproducing mutants. For each culture broth, HPLC test was conducted once and microplate test was conducted in triplicate.
methods, indicating that the assay works well for S. clavuligerus cultures.
Time-course evaluation of three high-producing mutants by the colorimetric assay
Because the CA production level varies with culture time, we conducted a time-course evaluation of CA titers of the three high-producing mutants using the nitrocefin assay. As shown in Figure 4 , the profiles of CA titer were dissimilar among the three mutants. M21 and M65 produced the highest CA titers on day 3, whereas M18 produced the highest level of CA on day 4. Compared with the other mutants, M18 showed a more stable CA titer. CA degradation is a well-known problem in fermentation [13, 14] , and the slow decline in the CA concentration in the culture of M18 is an interesting phenotype worthy of further investigation. The levels of CA produced by these mutants were also measured by HPLC, and the results generally agreed with those obtained by the nitrocefin assay (data not shown).
Visual detection of CA production levels by nitrocefin assay
An important advantage of a colorimetric method is that the color change can be directly observed. Visual detection is a useful alternative to instrument reading. As shown in Figure  5A , the solution in wells of the starting strain was reddish, while that in wells of over-producing mutants was bright yellow. We also developed a disk assay for rapid in situ detection of CA in colonies on an agar plate (see Materials and methods for details), as a complementary method to the microplate assay ( Figure 5B and C) . As shown in Figure 5B , the disk near the over-producing strain M65 was light yellow, while that near the starting strain was pink. with -lactamase was on the left and right halves of the plate, and after 30 min incubation at 30°C, nitrocefin was added to the disk to detect the remaining -lactamase activity. C, Comparison between over-producing strain M65 (top five spots, three of which were tested by disk assay) and starting strain (bottom five spots, three of which were tested by disk assay).
Discussion
This is the first report of a colorimetric microplate assay for the quantitative measurement of CA in culture broth of S. clavuligerus. Compared with the previous bioassay-HPLC method, which is also based on -lactamase inhibition but uses penicillin G as the substrate, our method offers obvious advantages. First, the reaction can be observed and measured as the color changes, and more importantly, our method can be easily automated. The assay could also be used for in situ visual detection of CA production. Previously, a -lactamase inhibition-based assay reported by Gutman et al. [4] had been used to detect CA in S. clavuligerus culture broth [5] . However, it was not successful because of interference caused by BLIP, a -lactamase inhibitor protein produced by the host. In our study, we did not observe BLIP interference (Figure 3) . If BLIP interference was a problem, the culture broths could be heated at 98°C for 2 min to inactivate BLIP before the assay, as this treatment does not affect the stability of CA, as reported by Doran et al. [5] .
For convenience, it is desirable that assays have a broad detection window. The A 390 /A 486 ratio was used for the first time as an indicator of CA concentration, which made the detection window much broader than that of any -lactamase inhibition assay reported previously [4, 6] .
